Somite development is governed tightly by genetic factors. In the large-scale mutagenesis screens of zebrafish, no mutations were linked to myocyte enhancer factor 2A (MEF2A) locus. In this study, we find that MEF2A knock-down embryos display a downward tail curvature and have U-shaped posterior somites. Furthermore, we demonstrate that MEF2A is required for Hedgehog signaling. MEF2A inhibition results in induction of apoptosis in the posterior somites. We further find that Hedgehog signaling can negatively regulate MEF2A expression in the somites. Microarray studies reveal a number of genes that are differentially expressed in the MEF2A morphants. Our studies suggest that MEF2A is essential for zebrafish posterior somite development.
Introduction
In vertebrates, somites form sequentially from anterior to posterior along both sides of the embryonic body axis as the embryo extends posteriorly, giving rise to a species-specific number of segments (Takke and Campos-Ortega, 1999; Holley and Nusslein-Volhard, 2000; Koshida et al., 2005; Julich et al., 2005) . Numerous genetic studies demonstrate that somite development is governed tightly by genetic factors (Koshida et al., 2005; Julich et al., 2005; van Eeden et al., 1996a; Nikaido et al., 2002) . The anterior somites appear to be patterned differently to the more posterior ones (Koshida et al., 2005; Julich et al., 2005; Oates et al., 2005; Bussen et al., 2004) . However, the molecular basis of this difference is less clear. One obvious difference in anterior somitogenesis observed in mice and zebrafish is the more rapid progression of the somite cycle. In zebrafish, the anterior 6 somites form every 20 min, while the 24 posterior somites form every 30 min (Koshida et al., 2005; Julich et al., 2005; Kimmel et al., 1995) .
The zebrafish, Danio rerio, has emerged as an embryological and genetic model system featured with several distinct advantages, including the external fertilization, rapid development, and optical clarity of its embryos (Schier and Talbot, 2005; Driever et al., 1994; Thisse and Zon, 2003; Fishman, 2001; Stainier, 2001) . Zebrafish skeletal muscles have several unique features compared with other vertebrate skeletal muscles. As in other vertebrates, zebrafish skeletal muscles are derived from somites. However, in contrast to higher vertebrates, zebrafish skeletal muscles have a clear separation of slow and fast muscles and continuous muscle growth in postembryonic stages. Thus, zebrafish have been widely used as a model to facilitate many studies that were difficult or impractical in other vertebrates. It was first demonstrated in zebrafish that Hedgehog signaling is required for slow muscle formation (Holley and Nusslein-Volhard, 2000; Kawakami et al., 2005; Woods and Talbot, 2005; Currie and Ingham, 1996; Wilbanks et al., 2004) .
Forward genetics studies in zebrafish have led to the identification of hundreds of mutations affecting embryogenesis (Driever et al., 1996; van Eeden et al., 1996a; Nikaido et al., 2002) . So far, in the large-scale mutagenesis screens of zebrafish, no mutations were linked to the myocyte enhancer factor 2A (MEF2A) locus (Koshida et al., 2005; Julich et al., 2005; van Eeden et al., 1996a; Nikaido et al., 2002; Chen et al., 1996; Stainier et al., 1996) . In the present study, we provide the first evidence that MEF2A is essential for zebrafish posterior somite development. MEF2A knock-down embryos display a downward tail curvature and have U-shaped posterior somites. Furthermore, we demonstrate that MEF2A is required for Hedgehog signaling and that MEF2A is a prosurvival factor during posterior somite development. Microarray studies reveal a number of genes that are differentially expressed in the MEF2A morphants.
Results

MEF2A morphants display a downward tail curvature and have U-shaped posterior somites
We carried out whole mount in situ hybridization to examine the expression pattern of zebrafish MEF2A in early development. MEF2A is expressed in the somites at the 18-somite stage (Supplementary Figs. 1A and C) , and at 24 hpf (Supplementary Figs. 1B and D) . MEF2A is not expressed in the adaxial cells (Supplementary Figs. 1C and D) . We previously generated MEF2A-promoter-GFP transgenic zebrafish. GFP expression was observed in skeletal muscle cells during zebrafish embryogenesis (Wang et al., 2005) . These data suggest that MEF2A plays a role in zebrafish somitogenesis. We previously showed that morpholino modified antisense oligonucleotides could trigger the specific knock-down of MEF2A in zebrafish (Wang et al., 2005) . To explore the function of MEF2A in zebrafish somitogenesis, we focused on the phenotype of zebrafish injected with MEF2A MO. MEF2A knock-down embryos display a downward tail curvature (Figs. 1A-D) .
In wild-type zebrafish embryos, the dorsal and ventral portions of each myotome converge at a point where the horizontal myoseptum forms, giving the somites their characteristic chevron shape (Fig. 1F) . In contrast, MEF2A morphants lack the horizontal myoseptum and exhibit the U-shaped morphology that defines mutants of the you class ( Fig. 1E) (van Eeden et al., 1996a; Woods and Talbot, 2005; Wilbanks et al., 2004) . The formation of the horizontal myoseptum in zebrafish depends on the proper development of slow muscle, a process that is defective in you-class mutants (van Eeden et al., 1996a; Woods and Talbot, 2005; Wilbanks et al., 2004) .
MEF2A is required for Hedgehog signaling
The MEF2A morphants have morphological traits in common with Hedgehog pathway mutants, such as a curled tail and U-shaped somite boundaries. We performed a detailed characterization of MEF2A morphants to determine whether MEF2A does regulate Hedgehog signaling. Hedgehog activity in the context of slow muscle cell specification can be assayed by analyzing Engrailed expression in the muscle pioneers (Woods and Talbot, 2005; Kawakami et al., 2005) . Wild-type embryos at 24 hpf exhibit strong Engrailed staining in the characteristic elongated nuclei of muscle pioneers (Figs. 2B and E) . In addition, weaker Engrailed expression can be observed in the typically more rounded nuclei of mulitnucleated fast muscle fibers, which are situated farther from the horizontal myoseptum (Figs. 2B and E) (Woods and Talbot, 2005; Kawakami et al., 2005) . MEF2A morphants completely lacked the strong Engrailed expression in the muscle pioneers ( Figs. 2A and D) , but very weak labeling was sometimes observed in a small number of cells. When weakly expressing cells were present, they were confined to the most anterior somites. At 24 hpf, embryos injected at the 1-to 2-cell stage with 50 pg of MEF2A mRNA plus 10 ng of MEF2A GT-MO showed rescue of strong Engrailed expression in the muscle pioneers (Figs. 2C and F) .
In addition, expression of ptc1, which is a member of the Hedgehog pathway and a sensitive target of Hedgehog signaling, was reduced in the MEF2A morphants (Figs. 2G and J) . MEF2A over expression can also rescue ptc1 expression (Figs. 2I and L). These results support the conclusion that MEF2A is required for Hedgehog signaling in zebrafish development.
MEF2A is a pro-survival factor during posterior somites development
Apoptosis is a major part of the normal development of many organ systems (Cole and Ross, 2002) . We further investigated whether MEF2A had the ability to induce apoptosis in zebrafish development. MEF2A inhibition induces a strong increase in apoptosis in the posterior somites as revealed by the whole mount TUNEL assay (Figs. 3A and C). In control embryos, only a few apoptotic cells can be observed at 24 hpf (Figs. 3B and D) . Thus, it can be concluded that MEF2A is a prosurvival factor during posterior somite development.
MEF2A is not required for Hedgehog genes transcription
In zebrafish, at least, three Hedgehog genes are expressed at the midline in early embryonic stages: sonic Hedgehog (shh), echidna Hedgehog (ehh), and tiggywinkle Hedgehog (twhh) (Lewis and Eisen, 2001) . To determine whether MEF2A is required for transcription of these Hedgehog genes, we analyzed the expression of the Hedgehog genes in wild-type and MEF2A morphants. Whole mount in situ hybridization analysis showed that expression of these three Hedgehog genes appeared normal in MEF2A morphants at the bud stage (Figs. 4A, B, E, and F) and at 24 hpf (Figs. 4C, D, G, and H) (data not shown).
Hedgehog signaling negatively regulates MEF2A expression
To determine whether Hedgehog signaling modifies MEF2A expression, we treated wild-type embryos with various concentrations of cyclopamine. Wild-type embryos exhibit adaxial MyoD expression throughout the somitic and presomitic mesoderm (Fig. 5A ), while embryos treated with 25 lM cyclopamine lack expression in the somitic and in the presomitic mesoderm (Fig. 5C ). These data demonstrate that cyclopamine-treated embryos can phenocopy zebrafish mutants with severe reductions in Hedgehog signaling pathway. We can detect up-regulated MEF2A expression in the somites of cyclopamine-treated embryos (Figs. 5B, D, B 0 , and D 0 ). Hedgehog pathway inhibition results in MEF2A up-regulation in the somites, suggesting that Hedgehog signaling negatively regulates MEF2A expression.
In zebrafish, another mutant in which engrailed positive muscle pioneers are lost is ubo/blimp1. For ubo, it has been reported that it probably requires a somite specific cofactor for being activated in the somites in response to Hedgehog signaling. This cofactor may active the ubo promoter (Baxendale et al., 2004) . To determine whether MEF2A is required for the transcription of ubo, we analyzed the expression of the ubo in wild-type and MEF2A morphants. Whole mount in situ hybridization analysis showed that expression of ubo appeared normal in MEF2A morphants at the 3-somite stage (Figs. 5E and F) and the 12-somite stage (Figs. 5G and H) . Our data document that MEF2A is not required for the transcription of ubo.
Alterations in gene expression in MEF2A morphants
To further characterize genes that might have altered expression in MEF2A morphants, we compared the global gene expression profile of MEF2A-MO and control-MO injected embryos by microarray. Approximately 3.8% of genes present on the array were differentially expressed between MEF2A morphants and control embryos, 44% of which were up-regulated, 56% of which were down-regulated. Approximately 40% of these genes represented known zebrafish genes or genes with more than 90% homology to genes identified in other species (Table 1) . Approximately 20-22% of genes with known function represented transcription factors, 14-20% were genes involved in metabolism, 1-12% were genes involved in structural protein, 6-9% were genes involved in signal transduction, 3-6% were genes involved in membrane proteins, and 0.5-2% were genes involved in apoptosis (Table 2 ) (for lists of differentially expressed genes, see supplementary Table 1 ). Transcripts for genes encoding transcription factors known to be expressed in somites, such as sox11b, hoxb8b, hoxb6b, and hoxb5a (de Martino et al., 2000; Prince et al., 1998) were down-regulated in the MEF2A morphants. In addition, transcripts for genes encoding contractile proteins known to be expressed in the somites, such as fast skeletal muscle troponin T3b, fast skeletal muscle troponin I, fast skeletal muscle troponin T3a, skeletal muscle myosin light chain 3, a-tropomyosin, skeletal muscle myosin heavy chain 1, and skeletal muscle myosin light chain 2 (Berdougo et al., 2003; Hsiao et al., 2003; Sehnert et al., 2002) were down-regulated in the MEF2A morphants. A third group of down-regulated transcripts comprised components of metabolic enzymes, including fatty acid binding protein 7, phosphofructokinase, phosphoglycerate mutase 2, and creatine kinase. In contrast, heat shock cognate 70-kd protein, heat shock protein 90-a, and heat shock protein 1 were up-regulated in the MEF2A morphants, suggesting that MEF2A inhibition evokes a stress response. P53 was also up-regulated in the MEF2A morphants, consistent with the involvement of p53 in apoptosis (Langheinrich et al., 2002) .
Discussion
Large-scale genetic screens have been used to generate mutations in a variety of genes in zebrafish, including the so called you-type mutations, which are thought to lead to defects in Hedgehog signaling (Woods and Talbot, 2005; Kawakami et al., 2005; Lewis and Eisen, 2001 ). The zebrafish you mutants have morphological traits in common with other Hedgehog pathway mutants, such as a curled tail and U-shaped somite boundaries. MEF2A morphants exhibit phenotypic defects characteristic of reduced Hedgehog signaling in zebrafish, indicating that MEF2A is a positively acting component of the Hedgehog pathway. Development of slow muscle is disrupted, as shown by the absence of Engrailed-expressing muscle pioneer cells. Analysis of the mutant phenotype, therefore, demonstrates that MEF2A is essential for Hedgehog signaling in zebrafish somite development.
Hedgehog genes expression in the embryonic midline is normal in MEF2A morphants, indicating that MEF2A acts downstream of Hedgehog genes transcription. Additionally, expression of the Hedgehog target gene ptc1, which encodes a shh receptor , is reduced in MEF2A morphants. These data demonstrate that MEF2A is essential for Hedgehog signaling in zebrafish somite development. Ubo encodes a transcriptional switch, acting in the development of slow muscle. Careful analysis reveals differences between the ubo and Hedgehog pathway mutant phenotypes. For example, Hedgehog pathway mutants have defects in the lateral floor plate of the neural tube and the dorsal aorta, which are apparently normal in ubo mutants (Roy et al., 2001; Baxendale et al., 2004) . Hedgehog pathway mutations reduce or abolish expression of the Hedgehog target ptc1, whereas ptc1 expression is normal in ubo mutants. It is possible that MEF2A interacts with some components, which are known to regulate the action of Hedgehog signals. Ubo expression is not affected by MEF2A knockdown, revealing a clear distinction between Hedgehog pathway mutations and ubo.
An interesting aspect of the MEF2A morphants phenotype is that it encompasses only a subset of defects seen in other zebrafish Hedgehog pathway mutants. For example, pectoral fins, which is disrupted in syu and smu (Barresi et al., 2000; van Eeden et al., 1996b) , appears normal in MEF2A knockdown embryos. Additionally, adaxial MyoD expression is normal in MEF2A morphants (data not shown).
Interestingly, MEF2A is not expressed in the adaxial cells. Hedgehog pathway inhibition results in MEF2A upregulation in the somites, suggesting that Hedgehog signaling negatively regulates MEF2A expression. The MEF2A up-regulation could be partly due to loss of adaxial cells in the cyclopamin treated embryos.
The posterior somites appear to be patterned differently to the more anterior ones. The isolation of zebrafish mutants such as after eight/deltaD and deadly seven/notch1a in which only the most anterior somites form (Koshida et al., 2005; Julich et al., 2005) , suggests that the first few somites could be specified by a different mechanism to the more posterior ones. There is also precedent for mutations that more severely affect the differentiation of the anterior somites. It will be of interest to determine whether MEF2A and these molecules function in a common pathway to control the somites development.
The genome array provides a valuable tool for researchers to quickly and reliably investigate the mechanisms of actions and signaling pathways responsible for biological processes and developmental changes. To further evaluate the mechanism responsible for posterior somite development, we compared the global gene expression between the MEF2A MO and control MO injected embryos. The gene chip analysis suggested that MEF2 might play a much wider role in energy metabolism, including regulation of fatty acid oxidation and maintenance of mitochondrial function. It was hoped that gene expression changes in these animals might indicate the existence of as-yet-unidentified MEF2A target genes.
In summary, we provide the first evidence that MEF2A is essential for zebrafish posterior somite development. MEF2A knock-down embryos display a downward tail curvature and have U-shaped posterior somites. Furthermore, we demonstrate that MEF2A is required for Hedgehog signaling. MEF2A knock-down results in induction of apoptosis in the posterior somites. Microarray studies reveal a number of genes that are differentially expressed in the MEF2A morphants. Our results open avenues for understanding the molecular mechanism of somite development. It is likely that identification and characterization of additional mutants with similar phenotypes will yield further insights into the components of the MEF2A pathway required for embryonic somitogenesis.
Experimental procedures
Zebrafish embryos
Wild-type (AB * strain) zebrafish embryos were obtained from the natural spawning of wild-type adults. Zebrafish were raised, maintained, and staged as previously described (Kimmel et al., 1995; Westerfield, 2000) .
Morpholino modified antisense oligonucleotide and microinjections
We designed one morpholino modified antisense oligonucleotide (MO, Gene Tools, LLC) against the splice donor site of MEF2A exon 8 to interfere with splicing (GT-MO) and another MO directed against the 5 0 sequence around the putative start codon to block MEF2A translation (ATG-MO) (Wang et al., 2005; Nasevicius and Ekker, 2000; Ekker, 2000) . The sequences for the GT-MO and ATG-MO were 5 0 -GTCGTTTGTGCTCACCAGAGTTGTA-3 0 MEF2A GT-MO con-MO and 5 0 -ATCTGTATCTTCTTCCGTCCCATCT-3 0 , respectively. A standard control morpholino was designed for control microinjections. The sequence for the standard control morpholino was 5 0 -CCTCTTACCTCAGTTACAATTTATA-3 0 . Wild-type embryos were injected at the one-to-two cell stage with 2.5-10 ng morpholino per embryo.
Whole mount in situ hybridization, immunofluorescence and photography
Whole mount in situ hybridization experiments with ptc1, titin, MyoD, ubo, and MEF2A antisense probes were performed as previously described (Takke and Campos-Ortega, 1999; Zhong et al., 2001) . Whole mount immunofluorescence experiments were performed as previously described (Wang et al., 2005; Berdougo et al., 2003) , using the monoclonal antibody 4D9, which recognizes an engrailed epitope. 4D9, developed by Dr. Corey Goodman, was obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and maintained by the University of Iowa, Department of the Biological Sciences, Iowa City IA 52242. Stained embryos were examined with Olympus BX61 and SZX12 microscopes, and photographed with a DP70 digital camera. Images were processed using Adobe Photoshop software.
Whole mount TUNEL (terminal deoxynucleotide transferasemediated dUTP nick-end labeling) staining and JB-4 plastic sections
For whole mount TUNEL staining, embryos were fixed in 4% paraformaldehyde at 4°C overnight, then rinsed in phosphate-buffered saline before proceeding with TUNEL staining using the In situ Cell Death Detection kit (Roche, Indianapolis, USA) according to the manufacturer's instructions. Zebrafish whole-mount embryos were fixed overnight in 4% paraformaldehyde in PBS and dehydrated in ethanol and infiltrated in JB-4 infiltration resin following the manufacturer's instructions (Polysciences Inc., Pennsylvania). Specimens were sectioned at 5 lm using a MICROMO HM325 microtome.
Total RNA preparation
Total RNA was extracted from 24 hpf-embryos injected with MEF2A-MO or control-MO using the TRIZOL method. The RNA precipitate was washed and redissolved in 100 lL H 2 O and then the sample was further purified using a RNA cleanup protocol (Qiagen, CA, USA). Only samples with A 260 /A 280 ratios P1.7 and 28S/18S intensity ratios P1.5 were included for analysis.
Zebrafish microarray
GeneChip Zebrafish Genome Array (Affymetrix, USA) Chips were built from 65-mer 5 0 amine modified oligos that are chemically and covalently immobilized on 3D hydro gel matrix on glass slides, representing 14,900 Danio rerio transcripts. cRNAs were labeled with biotin-NTP and hybridized to the oligo probe containing chips, and signals of probe/target complexes were detected by Streptavidin-Alex conjugates. The intensity of each hybridization was normalized to the median of each array and then log-base 2 transformed prior to analysis. Only those that showed a fold change up or down of greater than 0.5 were selected for further characterization.
Cyclopamine treatment
Cyclopamine (Sigma, USA) were dissolved in Dimethyl Sulphoxide (DMSO) at stock concentrations of 10 mM, then diluted to final concentrations in embryo media at the stages indicated. Control embryos were treated with the equivalent amount of DMSO solution. All embryos were incubated at 28.5°C.
mRNA overexpression experiments
Sense-capped RNA was synthesized using the mMESSAGE mMA-CHINE system (Ambion) from the following linearized plasmids: pT7TS-MEF2A (zebrafish MEF2A, digested with EcoRI, transcribed with T7). RNA was diluted at 40 lg/ml in solution A (0.1% phenol red, 0.2 M KCl) and microinjected into the blastomeres at the one-two-cell stage of embryos. 
